Introduction
To prolong the life span of a blast furnace for maximizing its total hot metal production is one of the operation targets of steel works worldwide. Washed by high temperature molten iron and slag, the hearth becomes the decisive factor for the campaign life of the blast furnace. Notably, in response to the high demand in the steel market, most blast furnaces are being intensively operated for higher productivity. This may cause premature hearth lining failures. To abate the damage to the hearth, it is necessary to gain an understanding of the hot metal flow and heat transfer in the hearth, as these strongly affect the erosion of a blast furnace hearth. Due to the hostile conditions in the hearth, only indirect measurements, such as the installation of thermocouples within the hearth lining, can be made. Instead, mathematical simulation models can provide a brief insight into hot flow patterns and temperature distributions of the hot metal in the hearth.
A two-dimensional simulation model has been developed by Yosihkawa and Szekely 1) to predict the wear rate of a hearth lining. In the model, only the natural convection of the hot metal was considered. As a result, the wearing rate was accelerated by higher cooling rate of the hearth. This conclusion was different from the study published by Paschkis and Mirsepassi.
2) By means of the calculated results, Tomita and Tanaka 3) concluded that the solidified shell formed in the hearth lining surface could be a useful countermeasure to protect the hearth from high heat load. A similar suggestion has been made by Cheng et al. 4) It is known that the hearth is mainly filled with coke lumps. Molten iron and slag are collected in the empty spaces between the lumps, and tapped out through the tapholes at certain intervals. Therefore, the hot metal flow and heat transfer in the hearth are strongly influenced by the structure of the deadman. Shibata et al. 5) employed Darcy's law for estimating the momentum loss of hot metal flowing through the coke bed. The calculated results showed that a strong peripheral flow was induced when the deadman became semi-sitting in shape, and heat load in the circular corner of hearth bottom increased significantly. From model experiments and numerical calculations, Shimizu et al. 6) proved that the size of the deadman coke and the volume of fine coke in the deadman strongly influenced the gas and liquid flow in the blast furnace. A three-dimensional model based on a computational fluid dynamics (CFD) was developed by Panjkovic et al. 7) to analyze the temperature distribution in the hot metal and in the refractories. The model was validated using the measured temperatures from BHP Steel No. 5 blast furnace. As shown in the CFD based calculation results by Cheng et al., 8) the location of the peak value of shear stress coincided with the location of higher temperature measured within the hearth wall. It suggests that the refractory may be under threat of
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erosion when the measured temperatures nearby increase significantly.
After 12 years and 10 months in operation, No. 2 blast furnace of China Steel Corporation (CSC) was blown down in October 2005 for revamping, and its 3rd campaign has begun since 26th January 2006. During the revamping, the furnace hearth was equipped with stave cooing instead of shell water spray cooling. This is the first time one of CSC's blast furnaces has used stave cooling in the hearth. Since cooling and deadman type play essential roles in the heat transfer and hot metal flow in hearth, in this study, a threedimensional CFD based model has been established specially for No. 2 blast furnace to estimate the hot metal behaviors in the hearth.
The model was validated using the measured refractory temperatures. A variety of operating and cooling parameters, composed of cooling water temperature and deadman type, as well as casting operation, were taken into consideration to account for their impacts on the hot metal flow pattern and heat flux in the hearth. Table 1 shows the main features of No. 2 blast furnace. The geometric dimension of the furnace hearth is illustrated in Fig. 1 . In the hearth side wall, copper staves were installed in the area of the tapholes, and cast iron staves were used in the rest of the area. Besides, water-cooling steel pipes were arranged in the hearth bottom. The conductivity of the refractories and cooling components are listed in Table 2 .
Physical System

Governing Equations and Numerical Method
Governing Equations
Based on the previous work, 8) three-dimensional NavierStoke equations with conjugate heat transfer were solved to generate the hot metal flow field in the hearth and heat flux across the side wall and the bottom. For both deadman area and coke-free zone, the governing equations for this conjugate heat transfer problem can be described as follows:
Deadman 
e : porosity (Ϫ) S m : the momentum source term caused by the deadman (Pa/m). To obtain S m , the deadman was modelled as a porous media, and Darcy's Law simplified from Ergun equation and shown in Eq. (9), was adopted to address the pressure drop in terms of kinetic energy and viscous energy losses. 
Assumption and Boundary Conditions
Assumptions made for this study included: (1) The process is steady state, so the hot metal flows out at a constant rate; (2) Chemical reactions are ignored; (3) The hearth lining is kept intact in the beginning of campaign; (4) Only force convection and heat conduction are considered for the heat transfer between the hot metal and refractory 8) ; (5) Turbulence influence is neglected; (6) Coke diameter in the deadman is kept constant (3 cm); (7) The porosity of the deadman is 0.35; (8) The hot metal density and viscosity is 7 000 kg/m 3 and 0.00715 Pa-s respectively; and (9) The thermal conductivity of coke and hot metal were assumed as 16.5 W/m-K.
7)
The following boundary conditions were imposed: (1) The hot metal level is constant; (2) The free surface of hot metal is defined as an inlet flow boundary, in which the hot metal of 1 500°C is uniformly distributed into the hearth; (3) The temperature in the hearth outside surface is set as uniform wall temperature according to the temperature of cooling water; (4) The taphole exit is kept at atmospheric pressure, and a mass flow boundary condition is implemented to ensure mass balance; (5) The refractory in the free surface level is adiabatic; (6) A symmetrical wall boundary is used through the vertical cross section of the hearth from the center of two tapholes; and (7) At hearth side and bottom wall surface, no-slip boundary conditions are employed.
Numerical Procedure
The control-volume-based technique was used to convert the governing Eqs. (1)- (8) into algebraic equations that can be solved numerically. The discreterization of the momentum and continuity equations and their solutions were solved by means of the segregated solver. A standard pressure interpolation scheme was required to compute the face values of pressure from the cell values. SIMPLE algorithm was applied in pressure-velocity coupling in the segregated solver to adjust the velocity fields by correcting the pressure field. The first order upwind scheme was chosen to discrete the convection term of every governing equation. As displayed in Fig. 2 , the analytical domain included the deadman, coke-free zone, and refractory, in which computational mesh number was 176 473. In the region near the taphole and the space of coke-free, the grid density was higher than the deadman area, due to the hot metal flow velocity varies intensity in those zones. The calculation was considered as convergence when all field flux (velocity, temperature, pressure) normalized residuals were reduced to less than 10
Ϫ6 . Approximately 60 000 iterations were needed for complete convergence. The above-mentioned numerical computations were performed with the package Fluent (Version 6.1), which was used in the previous publi- cation.
8)
Results and Discussions
Validation of the Model
In the first 6 months operation after blow-in, the hearth refractories might remain un-eroded. The monthly measured temperatures of April, May and July 2006 at the bottom layer 2 in Fig. 1 were used to validate the model because the furnace was operated smoothly in these periods. The average daily production rate of the selected months was 7 442, 7 338, and 7 484 t/d, respectively. An average daily production rate of 7 421 t/d was used as one of the boundary conditions in the calculation. Since the ratio of the sump depth to the diameter of the furnace is 0.24, higher than 0.2, the deadman should float in the hot metal bath to form a so-called floating deadman. 9) In the calculation, the height of the coke-free space below the floating deadman was set to be 500 mm. Figure 3 shows that the calculated temperature distribution is favorably fitted with the measured temperatures in the hearth bottom layer 2. It may be reasonable to analyze the hot metal behavior in the hearth using the calculation frame established in this study. Figure 4 presents the symmetrical cross sectional view of the hearth with the temperature contours showing the increase of hearth temperature caused by the drainage of hot metal through the taphole in the right hand side. From the calculation shown as Table 3 , the heat flux in the taphole region, cooled by the copper stave, is found to be significantly increased from 5 669 W/m 2 (with blocked taphole) to 11 562 W/m 2 when the taphole is open for casting operation. This indicates that the taphole region is always under the threat of high heat load resulted from the casting operation. For safety, it may be necessary to individually monitor the temperature change of cooling water of copper staves. Additionally, it has not yet become a standard practice at CSC, but the installation of thermocouples around the taphole area may be an effective way to analyze the working status of the tapholes.
Effect of Casting Operation on Hearth Heat Flux
Effect of Deadman Types on the Hot Metal Flow
and Heat Transfer in the Hearth During the operation, the deadman may become sitting in shape. The occurrence of such a change can be explained by poor coke strength, low production rate, leakage of water into the hearth, or inappropriate burden distribution. To supply a big amount of coke to the raceways, in which cokes are consumed by combustion, the sitting deadman is most likely to have coke-free space at the hearth bottom corner. 10) Therefore, a sitting deadman with gutter coke space, having 100 cm in width with a bevel angle of 20° (  Fig. 5) , 5) was also modeled for understanding the changes of hot metal flow and heat transfer in the hearth.
The shear stress on the hearth lining is strongly related to the flow field of hot metal in the hearth. 11) Therefore, the hot metal flow pattern was analyzed in this study. Figure 6 shows velocity vectors of hot metal in the vicinity of the hearth side wall and bottom with different deadman types. As expected, the highest velocities are found in the taphole area. With a floating deadman, the hot metal flow is active in the center region of the hearth bottom. On the other hand, the circulatory hot metal flow passing through the hearth bottom corner is enhanced when the deadman sinks and forms the gutter coke-free space. Figure 7 shows the temperature contours of the hearth bottom. Coincidentally, the high temperature region is found in the hearth bottom corner area for the sitting deadman with gutter coke-free space, while it is in the center area for the floating deadman. This suggests that the sitting deadman may lead to elephant foot erosion to the hearth bottom corner, and the floating deadman operation may contribute deep pot-like erosion in the hearth central area. Generally, the design of the lining thickness of bottom is sufficient against wear out. From the view of safety, the deep pot-like erosion may be more acceptable than the elephant foot erosion when the erosion is unavoidable. Therefore, to keep the deadman active and floating in the hot metal bath is of importance for the protection of the hearth bottom from serious deterioration.
The hot metal streamlines generated by the floating deadman and the sitting deadman with gutter coke-free space are shown in Fig. 8 . With the floating deadman in the hearth, more hot metal tends to travel to the hearth bottom before it reaches the taphole. The desirable features of the penetrating hot metal are to bring thermal heat into the deadman, and to enhance the renewal of deadman coke by dissolving the carbon into the hot metal. Having more hot metal passing across the deadman, the floating deadman is easier to keep active and open than the sitting ones.
The Use of Cooling Water Chiller
The efficiency of the cooling elements is a key factor for the long campaign life of a blast furnace. To generate solidified shell in the eroded lining surface to protect the lining from further damage, the use of a water chiller is always considered an effective countermeasure. To evaluate its performance in the beginning of the campaign, the heat flux of the cooling elements with different water temperatures were calculated. As depicted in Table 3 , only a slight improvement of cooling efficiency (less 1 %) was achieved when the cooling water temperature is decreased from 30 to 10°C. This indicates that the resistance of heat transfer across the hearth is mainly dominated by the conduction of the refractories and cooling elements, rather than by the convection of the cooling water within the cooling elements, before the refractories are eroded. Therefore, at the initial period of the blast furnace campaign, the water chiller may not be able to reach a significant effect on protection of the hearth.
Conclusions
The heat transfer and flow pattern of the hot metal in the hearth of No. 2 blast furnace at CSC have been analyzed by solving three-dimensional Navier-Stoke equations with conjugate heat transfer and Darcy's law for hot metal flowing through the deadman with porous structure by computational fluid dynamics (CFD). The model was validated by the hearth temperatures measured at the beginning of furnace campaign. The calculated results can be summarized below:
(1) The circulatory hot metal is enhanced when the deadman becomes sitting with a gutter coke-free space. As a result, the temperature at the hearth corner increases. This suggests that the existence of gutter coke-free space may cause elephant foot type erosion.
(2) With the floating deadman operation, more hot metal tends to travel to the hearth bottom before it reaches the taphole. This flow pattern may enhance the renewal of coke by dissolving carbon into the hot metal, and may avoid the deadman from clogging.
(3) During the casting operation, the temperature and heat flux in the taphole region significantly increases. For the sake of safety, individually monitoring the temperature change of the cooling water of the copper staves and installing thermocouples around the tapholes may be needed. (4) The heat transfer resistance of the hearth is dominated by the conduction of the linings and the cooling elements, therefore the cooling efficiency can not be improved by reducing the temperature of the cooling water. This implies the use of the water chiller in the beginning of the blast furnace campaign may not be able to reach a significant effect on the protection of the hearth.
